Quantum magnetism in transition-metal oxides (TMOs) arises from superexchange interactions among spin moments that depend on spin-orbital configurations in the ground and excited states. The array of magnetism in 3d TMOs is now well understood within the framework of Goodenough-Kanamori-Anderson [1], which assumes conservation of spin angular momentum in the virtual charge fluctuations. However, it has been recently realized that strong relativistic spin-orbit coupling (SOC) can drastically modify the magnetic interactions and yield a far richer spectrum of magnetic systems beyond the standard picture. Such is the case in 5d TMOs, in which the energy scale of SOC is on the order of 0.5 eV (as compared to ∼10 meV in 3d TMOs). For example, A 2 IrO 3 (A=Li,Na) is being discussed as a possible realization of the long sought-after Kitaev model with bond-dependent magnetic interactions [2] [3] [4] . Furthermore, strong SOC may result in nontrivial band topology to realize exotic topological states of matter with broken time reversal symmetry, such as a topological Mott insulator [5] , Weyl semi-metal, or axion insulator [6] . Despite such intriguing proposals, the nature of magnetic interactions in systems with strong SOC remains experimentally an open question.
In this Letter, we report on the magnetic interactions in a 5d TMO, Sr 2 IrO 4 , with spin-orbit entangled ground state carrying J eff =1/2 moments [7, 8] , probed by resonant inelastic x-ray scattering (RIXS). These J eff =1/2 moments are distinct from pure spins, because their interactions are predicted to depend strongly on lattice and bonding geometries [2] due to admixture of spatially anisotropic orbital moments in the J eff =1/2 wavefunction. In the particular case of corner sharing oxygen octahedra on a square lattice, relevant to Sr 2 IrO 4 [9] (Fig.  1(a) ), the magnetic interactions of J eff =1/2 moments are described by a pure Heisenberg model, barring Hund's coupling that contributes a weak dipolar-like anisotropy term [2, 10] . This is surprising considering that strong SOC typically results in anisotropic magnetic couplings that deviate from the pure Heisenberg-like spin interaction in the weak SOC limit. A compelling outcome is that a novel Heisenberg antiferromagnet can be realized in the strong SOC limit, on which a novel platform for high temperature superconductivity (HTSC) may be designed.
In the last few years RIXS has become a powerful tool to study magnetic excitations [11] . We report measurement of single magnons using hard x-rays, which has complementary advantages over soft x-rays as detailed later on. The RIXS measurements were performed using the spectrometer at the 9-1D and the MERIX spectrometer at the 30-ID beamline of the Advanced Photon Source. A horizontal scattering geometry was used with the π-polarized incident photons. A spherical diced Si(844) analyzer was used. The overall energy and momentum resolution of the RIXS spectrometer at the Ir L 3 edge (≈11.2 keV) was ≈130 meV and ±0.032Å −1 , respecitvely.
As shown in Fig. 1(b) , Sr 2 IrO 4 has a canted antiferromagnetic (AF) structure [8] with T N ≈ 240 K [12] . Although the 'internal' structure of a single magnetic moment in Sr 2 IrO 4 , composed of orbital and spin, is drastically different from that of pure spins in La 2 CuO 4 , a parent insulator for cuprate superconductors, the two compounds share apparently similar magnetic structure. Due to a staggered in-layer rotation of oxygen octahedra, Sr2IrO4 has four IrO2 layers in the unit cell [9] , which coincides with the magnetic unit cell. (b) J eff =1/2 moments lie and are canted in the IrO2 plane [8] .
respectively, of the single magnon extracted by fitting energy distribution curves shown in Fig. 3 (a) [13] . We highlight three important observations. First, not only the dispersion but also the momentum dependence of the intensity show striking similarities to those observed in the cuprates (for instance in La 2 CuO 4 ) by inelastic neutron scattering [14] . This provides confidence that the observed mode is indeed a single magnon excitation [15] [16] [17] [18] . Using hard x-ray RIXS allows mapping of an entire Brillouin zone within only a few degrees of 90
• scattering geometry so that the spectrum reveals the intrinsic dynamical structural factor with minimal RIXS matrix element effects. Second, the measured magnon dispersion relation strongly supports the theories predicting that the superexhange interactions of J eff =1/2 moments on a square lattice with corner-sharing octahedra are governed by a SU(2) invariant Hamiltonian with AF coupling [2, 10] . Third, the magnon mode in Sr 2 IrO 4 has a bandwidth of ∼200 meV as compared to ∼300 meV in La 2 CuO 4 [14] and Sr 2 CuO 2 Cl 2 [19] , which is consistent with energy scales of hopping t and on-site Coulomb energy U in Sr 2 IrO 4 being smaller by roughly 50% than those reported for the cuprates [10, 20, 21] .
For a quantitative description, we have fitted the magnon dispersion using a phenomenological J-J -J model [22] . Here, the J, J , and J correspond to the first, second, and third nearest neighbors, respectively. In this model, the downward dispersion along the magnetic Brillouin zone from (π,0) to (π/2, π/2) is accounted for by a ferromagnetic J [14, 22] . We find J=60, J =-20, and J =15 meV. The nearest neighbor interaction J is smaller than found in cuprates by roughly 50%. The fit can be improved by including higher order terms from longer-range interactions, which were also found to be important in the case of Sr 2 CuO 2 Cl 2 [19] . However, here we do not pursue this path because, as we show below, another kind of magnetic mode in Sr 2 IrO 4 , which is not present in cuprates, may affect the magnon dispersion.
Characterizing the magnon mode is important because it strongly renormalizes the dispersion of a doped hole/electron and is believed to provide a pairing mechanism for HTSC. We now show that Sr 2 IrO 4 supports an exciton mode, which gives access to the dynamics of a particle propagating in the background of AF ordered moments even in an undoped case. Figures 3(a) and (b) show the energy loss spectra along high symmetry directions. No corrections to the raw data such as normalization or subtraction of the elastic contaminations have been made. Another virtue of using hard x-ray is that by working in the vicinity of 90
• scattering geometry elastic (Thompson) scattering can be strongly suppressed. In addition to the low-energy magnon branch (≤ 0.2 eV), we observe high-energy excitations with strong momentum dependence in the energy range of 0.4∼0.8 eV. This mode is superimposed on top of a continuum generated by particle-hole excitations across the Mott gap [23] (estimated to be ≈0.4 eV from optical spectroscopy [24] ). This is schematically shown in Fig. 3(c) . Taking the second derivative of the raw data de-emphasizes the intensity arising from the particle-hole continuum and reveals a clear dispersive feature above 0.4 eV, as shown in Fig. 4(a) . The energy scale of this excitation coincides with the known energy scale of spinorbit coupling in Sr 2 IrO 4 (ζ SO ∼0.5 eV) [7] , and thus we assign it to intra-site excitations of a hole across the spin-orbit split levels in the t 2g manifold, i.e. from the J eff =1/2 level to one of J eff =3/2 quartet levels [7, 13, 15] (see Fig. 4(d) ). We refer to such an excitation as 'spinorbit exciton' (Fig. 4(d) [25] .
The dispersion of spin-orbit exciton with a bandwidth of at least 0.3 eV implies that this local excitation can propagate coherently through the lattice. Our model of the spin-orbit exciton starts from a recognition that the hopping process is formally analogous to the problem of a hole propagating in the background of AF ordered moments, which has been extensively studied in the context of cuprate HTSC [26] . Although the spin-orbit exciton does not carry a charge, its hopping creates a trail of misaligned spins and thus is subject to the same kind of renormalization by magnons as that experienced by a doped hole [27] . It is well known that the dispersion of a doped hole in cuprates has a minimum at (π/2,π/2) [28] , i.e., at the AF magnetic Brillouin zone boundary. Since Sr 2 IrO 4 has a similar magnetic order [8] , it can be understood by analogy that the dispersion of the spin-orbit exciton should also have its minimum at (π/2,π/2).
The overall bandwidth is determined by the parameters involved in the hopping process, which is depicted in Fig. 4(d) in the hole picture. It involves moving an excited hole to a neighboring site, which happens in two steps. First, the excited hole in site i hops to a neighboring site j (t 3/2 process), generating an intermediate state with energy U , which is the Coulomb repulsion between two holes at a site in two different spin-orbital quantum levels. Then, the other hole in site j hops back to site i (t 1/2 process). Thus, the energy scale of the dispersion is set by 2t 1/2 t 3/2 /U , which is of the order of the magnetic exchange couplings. In fact, these processes lead to the superexchange interactions responsible for the magnetic ordering, but here they involve both the ground state and excited states of Ir ions.
Technically, the spin-orbit exciton hopping can be described by the following Hamiltonian [13] :
where i indicates the lattice site, b (b † ) is the magnon annihilation (creation) operator, and X denotes the spinorbit exciton that carries a quantum number α belonging to the J eff =3/2 manifold (see Fig. 4(d) ). From this expression, the analogy with the case of a moving hole is apparent; in place of the hopping t for the doped hole, we have an effective spin-orbit hopping matrix W with its overall energy scale set by W = 2t 2 /U .
The AFM background leads to corrections to the bare dispersion of the spin-orbit exciton, which are due to the Fig. 3(b) , overlaid with the calculation of the dispersion (red solid and dashed lines). W=63 meV was chosen in the calculation, which is within the estimated range [13] . interaction with magnons and expressed as the self energy
where z is the coordination number and M denotes the vertex [13] , using the actual experimental magnon dispersion relation for ω q as shown in Fig. 2(a) . The only adjustable parameter is W , which only contributes to the overall scaling of the dispersion. The eigenvalues of this 2×2 matrix determine the disperions and correctly captures the main features of the data: the locations of extrema in the dispersion [ Fig. 4(a) ], nearly momentum independent integrated spectral weight [ Fig. 4(b) ], and the intensity relative to the magnon intensity [ Fig. 4(b,c) ].
Our measurement of the spin-orbit exciton dispersion has important implications in modeling 5d transitionmetal oxides with strong SOC. First, it shows that not only the J eff =1/2 states are localized but also the J eff =3/2 states largely retain their atomic-like character. In a contrasting model, in which J eff =3/2 states form an itinerant band and only the J eff =1/2 states are localized, much akin to the orbital-selective Mott transition scenario [29] , one expects to see only a broad electron-hole continuum that results from the independent propagations of a hole and an electron and is much less sensitive to the AF order. Instead, we see the spin-orbit exciton, whose dispersion clearly mirrors the AFM Brillouin zone, coexisting with the particle-hole continuum; a duality of atomic and band nature of the same 5d electrons. Second, the existence of the virtually bound J eff =3/2 states only ∼0.5 eV above the ground state implies that the superexchange interactions entail multiorbital contributions. Thus, even for an apparently single orbital J eff =1/2 system such as Sr 2 IrO 4 , the magnetic interactions are multiorbital in character, a fact that must to be taken into account in any quantitative model.
Despite such important differences in the high energy scale, our measurement of the magnon spectrum highlights the similarities with cuprates in the low energy effective physics -a rare realization of "spin" one-half moments on a square lattice with Heisenberg SU(2) invariant interactions and comparable magnon bandwidth. Further, from the observed spin-orbit exciton dispersion, we may expect that a doped hole/electron in Sr 2 IrO 4 will display the same dynamics as that observed for a doped hole/electron in the cuprates. The phase diagram of lightly doped Sr 2 IrO 4 has just begun to be revealed experimentally [30, 31] . Although superconductivity has not yet been reported, some anomalies that bear strong resemblance to cuprates such as T-linear resistivity have been seen [31, 32] . Only further study will tell if doping can drive Sr 2 IrO 4 superconducting. 
